Two different electronically resonant two-dimensional spectroscopies are described. The first, two-color photon echo peak shift spectroscopy, is sensitive to correlations in transition frequency between the initial and probed (final) states. It provides new insight into the mechanism of ultrafast solvation and should prove useful for characterizing dynamics in inhomogeneous systems in general. The second technique, fifth order threepulse scattering, contains two coherence periods whose durations are controlled. The entire two-dimensional surface was recorded for a dye molecule in dilute solution and a photosynthetic light-harvesting complex. The data provide insight into the short-time dynamics of solvation and exciton relaxation, respectively.
Introduction
The development of stable and reliable sources of femtosecond light pulses tunable throughout the visible and infrared spectral regions has triggered a remarkable burst of activity in the development of ultrafast nonlinear optical spectroscopies. In this article, we will focus on electronically resonant spectroscopies. First to be developed were two-and three-pulse photon echo electronic spectroscopies for the study of spectral broadening and solvation dynamics in solution. [1] [2] [3] [4] [5] [6] [7] [8] The three-pulse photon echo peak shift or 3PEPS method was shown to be a simple and reliable technique for the study of the transition frequency correlation function, [9] [10] [11] and was soon applied to energy transfer in both weakly coupled [12] [13] [14] [15] and strongly coupled [16] [17] [18] molecular aggregates, in particular photosynthetic light harvesting complexes. An attractive feature of photon echo techniques in general, and 3PEPS in particular, is the ability to undo the ensemble average over transition frequencies that gives rise to spectral broadening in condensed phases. Indeed the inhomogeneous width can be determined 10 and exploited to study energy migration. 19, 20 However, there are a number of aspects of condensed phase dynamics that are not accessible via simple photon echo spectroscopies. In this paper, we survey a number of these aspects and propose that two-dimensional electronic correlation spectroscopies [21] [22] [23] [24] are a useful route to address these issues. We then describe two different types of 2-D electronic spectroscopy: fifth order three pulse photon echo spectroscopy (F3PE or FOTS 22, 25 ) and two-color threepulse photon echo spectroscopy (2C3PEPS 25, 26 ). In the former technique, the duration of two coherence periods is directly controlled, in the latter, one coherence period is scanned at fixed values of a population period and twodimensional information is obtained via control over the center frequency of the final light field, with respect to the first two light fields. 26 Linear, Nonlinear and Multidimensional Spectroscopies. Linear absorption spectra of condensed phase systems are often thought of in terms of inhomogeneous (very slow dynamics) and homogeneous (very rapid dynamics) contributions. From a linear spectrum it is impossible to uniquely separate these contributions. Nonlinear spectroscopy, in particular photon echo spectroscopy, makes it possible to remove the slow contributions to line broadening. Rather than describing the homogeneous dynamics as infinitely fast, a more physically realistic description is in terms of a 'spectrum' of harmonic oscillators coupled to the electronic excitation. 27, 28 By coupled we simply mean that the equilibrium coordinate value is different when the system is in its ground or excited electronic state. The spectral density is then defined by (1) with ci the coupling strength of mode i to the observable of interest (e.g. the electronic energy gap), and Mi and ω i the mass and frequency of mode i.
A spectral density of the form given in (1) can be obtained from computer simulation, theory or empirical models. It can then be used to calculate the lineshape function, g(t).
(2)
The nonlinear response function R(t3, t2, t1), 28 can then be
, to give the nonlinear optical signal. The dynamical content of ρ(ω) can be appreciated by considering the fluctuating transition frequency, , of a single chromophore, i:
here is the average transition frequency of molecules of type i, is an offset from this mean (i.e. the distribution of ε values reflects the inhomogeneous distribution), and describes the time-fluctuating component of the transition frequency of molecule i. The dynamical behavior in the fluctuations are described by a time correlation function (4) Here the angle brackets denote an ensemble average and the fluctuations are considered identical for all molecules, i. For simplicity, we focus on the classical form of equation (4). 29 In terms of the spectral density S(t) can be rewritten as (5) Use of equations (4) or (5) to describe the behavior of a complex system is equivalent to assuming that the spectral density is homogeneous in various senses. Indeed in conventional (one-dimensional) nonlinear optical experiments the calculation of the nonlinear response function R(t3,t2,t1) via (6) cannot provide information on whether R(t3,t2,t1) is spatially homogeneous or not. In other words, R(t3,t2,t1) may be of the form (7) where Γ is a set of parameters on which R depends, but the nonlinear experiment is insensitive to the form (or even the existence) of W(Γ). In this sense, the conventional photon echo spectroscopies give (generally via iterative fitting procedures) a spectral density, ρ(ω), for a particular experiment that has the same relationship to the nonlinear experiment that the ordinary absorption spectrum does to linear spectroscopy.
Two specific examples may help to make this point clear. They exemplify two different types of spatial heterogeneity in the spectral density. In the first example, we consider the fluctuations in the electric potential felt by a polar molecule buried in the interior of a protein molecule which, in turn, is solvated by water. Specifically, we consider 3PEPS data for the dye eosin, bound to the hydrophobic box of lysozyme, 30 in comparison to similar data for the dye in aqueous solution. Figure 1 shows the structure of the complex and the 3PEPS data for the complex and the dye in solution. Clearly, the peak shift decays much more slowly for the complex, although the ultrashort timescale is very similar in both systems. Detailed analysis shows that the wide range of timescales are present in the decay of the transition frequency correlation function of the dye/protein system. The solid lines in Figure 1b are calculated from dielectric models of water 31 or the aqueous protein complex. 30 Clearly, they both describe the data quite well, yet they are constructed in quite contrasting manners in terms of the spectral density described above. In the case of the aqueous solution, an homogeneous frequency dependent dielectric response, ε (ω), was constructed from infrared and dielectric response data. ε (ω) is then used to calculate ρ (ω) and the assumption leading from equation (3) to equation (4) or embodied in equation (6) seem well justified.
In contrast, the spectral density constructed for the protein data is quite spatially heterogeneous as shown in Figure 2 . Figure 2a depicts a hierarchy of models in which the bulk water, the bound water, and the protein itself are all assigned distinct forms of ε (ω). The associated spectral densities are shown in Figure 2b and compared with ρ (ω) obtained from a computer simulation of the same system, 30 which does not greatly resemble the model spectral densities. The solid curve in Figure 1b comes from the model including bulk water, bound water, and a dielectric response for the lysozyme itself. 30 All three responses are manifest in the 3PEPS decay. However, success in fitting a single peak shift decay, no matter how complex in form, with such a complicated model is clearly not an adequate test of the model's validity. Progress could perhaps be made by two dimensional experiments of the type proposed by Cho and coworkers, 32 for example optical/infrared or optical/Raman 2D experiments.
Such studies can, in principle, determine the spectral density of those solvent molecules directly coupled to optical excitation of the chromophore. 33 A related experiment has recently been described by D. Blank and given the name RAPTORS. 34 A second, and much more complex, example embodies many of the difficulties that a fully fledged electronic correlation spectroscopy might hope to address. This example is Photosystem I (PSI) of green plant and cyanobacterial photosynthetic systems (Fig. 3) . 35 The function of PSI is to absorb solar photons and transfer the excitation to a primary electron donor (P700) with exquisite efficiency, to initiate the chemical steps of photosynthesis. 36 Much of our detailed understanding of energy flow in photosynthesis is based on the structure of the purple bacterial light harvesting complex LH2. [37] [38] [39] [40] This is a highly symmetrical structure with just two 'types' of bacteriochlorophyll molecules in a repeating eight or nine-fold symmetric arrangement. 37 In contrast, PSI contains 96 non-equivalent chlorophyll a (Chla) molecules with a wide range of site energies, inter-Chl spacings and orientations. Figure 4 shows the spectrum of a single molecule of Chla compared to the PSI complex spectrum. The PSI spectrum is very broad, highly congested and inhomogeneous. In addition, the chromophores are excitonically coupled to a greater or lesser extent. The stronger the electronic coupling the greater the charge transfer character of the resulting excitonic states is likely to be. This will lead to some correlation of the spectral density associated with the optical excitation and the wavelength of the transition. Hole burning spectroscopy has provided some direct evidence for this assertion. 41 Again, the assumption leading from equ. (3) to Eq. (4) is violated by this effect.
A second issue is the 'chicken and egg' question of site energies and electronic couplings. In conventional spectroscopies if the site energy is not known it is not possible to unambiguously obtain the electronic coupling from, for example, the circular or linear dichroism spectra. Electronic correlation spectra of the type proposed by Mukamel, 42 or the experimentally somewhat simpler two-color three-pulse photon echo spectroscopy proposed by Yang and Fleming 25 do have the potential to determine the extent of electronic mixing in molecular complexes. For example, Yang and Fleming studied a dimer system with two distinct absorption bands corresponding to the two mixed states of the dimer. They showed that by making suitable combinations of oneand two-color peak shift measurements it is possible to determine the mixing coefficient, independent of knowledge of the original site energies or the electron-phonon coupling strength and consequent exciton relaxation dynamics. 25 An unexpected aspect of two-color three-pulse echoes (in particular the 2-color 3PEPS 2PEPS (2C3PEPS) experiment proposed by Yang and Fleming) , is its ability to detect correlation between the initial and final states of a dynamical system. These two states may correspond, for example, to the initial 'Franck-Condon' and solvent equilibrated excited state of a polar solute in a polar solvent, or to donor and acceptor states in a disordered energy transfer system such as PSI. Later in this paper, we will describe experimental and theoretical results for the former system and here we sketch the ideas relevant to the energy transfer case.
In considering the nonlinear optical response of a disordered energy transfer system, the overall signal arises from a product of the energy-dependent phase factor, φ (Γ), and the energy-dependent population kinetics, S(Γ). The overall response for the ensemble is written (8) where <……..>Γ denotes an ensemble average over the distribution of static energies. If the dynamics and phase evolution are uncorrelated then it should be possible to factor Eq. (8) into the form (9) Figure 5 shows model calculations for a two species inhomogeneous energy transfer system depicted in Figure 5a shows that while one-color 3PEPS (Fig. 6b) is unable to distinguish Eqs. (8) and (9), the 2C3PEPS experiment is very different for the two cases (Fig. 5c) . The reason for the difference is that, even though in the model system the donors and acceptors are initially energetically uncorrelated, the bias in the rate of energy transfer induced by the spectral overlap progressively correlates donors and acceptors. 20 In the following two sections we describe two types of two-dimensional spectroscopy. In using the term two-dimensional, we follow the definition of Cho 32 : an experiment is referred to as two-dimensional (2D) when two time delays or optical frequencies (or one of each) are independently controlled. We note that this definition excludes the type of experiment in which the second variable is a macroscopic one such as pressure. The important pressure-modulated infrared spectroscopy described by Noda 43 with the goal of increasing spectral resolution by dispersing into a second dimension belongs in this latter category. A more restrictive definition of two-dimensional spectroscopy might be one in which two coherence periods are actively controlled via time delays (or frequency resolution). We will describe an experiment of this type − the fifth-order three-pulse scattering experiment (FOTS) or fifth-order three-pulse echo experiment (F3PE) in section III, but in general the two time periods may be either coherence or population periods in our definition of 2D.
We begin with a discussion of two-color photon echo peak shift spectroscopy (2C3PEPS).
Two-Color Three-Pulse Photon Echo Peak Shift (2C 3PEPS). The photon echo peak shift method has been described in detail in previous work. 9,2,11 It consists of measuring the delay from zero, τ * (T), of the coherence period, τ, of the four-wave mixing signal as a function of the population period, T. Consider the two Feynman diagrams in Figure 6 . The peak shift goes to zero when there is no distinction between the left-hand (rephasing) diagram and the right hand (non-rephasing) diagram i.e. when the system has entirely lost memory of its transition frequency, ω eg . There are two important differences between one-and two-color peak shift experiments. First, one-color experiments, even those with very short pulses spanning the entire absorption band, are dominated by degenerate four-wave mixing events. Thus, although the information present in two-color experiments must, in principle, be present in a one-color experiment carried out with identical pulses spanning the same spectral range as the separate spectra of the two-color experiment, it can be completely buried under the degenerate contributions to the signal.
Second, in the two-color case, finite pulse-duration effects are of crucial importance, and the impulsive limit, so useful for developing simple models of photon echo experiments, is much less useful here. The difference between the two sequences shown in Figure 6 , provided that pulse 3 is constrained to act last is simply the ordering of pulses 1 and 2. However, pulse ordering cannot be enforced when pulses 1 and 2 overlap in time making the interpretation of a 2C3PEPS plot of τ * (T) vs. T problematic. We have found that the influence of finite pulse duration can be greatly reduced by using two different scanning procedures to collect peak shift data − the conventional 3PEPS arrangement shown on the left of Figure 6 giving a quantity we define as , and a new arrangement based on the right side of Figure 6 giving . Figure 6 shows that corresponds to a nonrephasing or free induction decay (FID) sequence. In this type of scan, the time between pulses 2 and 1 is called τ II , with a positive value of τ II corresponding to pulse 2 interacting before pulse 1. The population period, TII, is the delay between pulses 1 and 3. The most useful quantity is the difference peak shift . When the system has no rephasing capability both types of scan will be identical and . Otherwise we expect a finite value of and note that it may be a positive or a negative quantity depending on whether ω eg at the pump frequency is positively or negatively correlated with ω eg at the probe frequency. Figure 7 shows model calculations for 2C3PEPS experiments on a dilute chromophore solution in which the first two interactions are at a higher frequency in the absorption band than the third interaction − we refer to this as a 'downhill' 2C3PEPS experiment. The system is a polar chromophore interacting with a polar solvent and will therefore undergo typical solvation dynamics (Stokes shift) following excitation. Note that the type I and type II peak shifts start out at very similar values and then progressively diverge before becoming identical at about 500 fs. Thus the difference peak shift, , starts near zero, rises to a maximum and finally falls to zero by about 500 fs. This behavior is characteristic of that observed experimentally for similar systems as Figure 8 shows. How should Figures 7 and 8 be interpreted? At the simplest level, the plot of vs. T implies the rephasing capability is initially zero and increases to a maximum before decaying. How can this be? In this system without energy transfer all the interactions of the laser pulses must be with the same molecule. Defining the first two interactions to be the pump, and the third to be the probe interaction, we consider two mechanisms contributing to the nonlinear signal. First, there can be overlap between the pump and probe spectral regions as a result of the homogeneous spectrum. This distribution can be written (10) where denotes a particular nuclear configuration of the ground (excited) state. In other words, Eq. (10) just describes the vibronic structure of the transition.
The second contribution arises from evolution of the homogeneous distribution due to fluctuation and evolution (e.g. by the Stokes shift) of the inhomogeneous distribution. Here we simply write: (11) where Pg is the statistical probability for the molecule to occupy the state . Armed with these ideas we can construct a simple model to describe the time dependence of the response function giving rise to the nonlinear signal: (12) Eq. (12) is quite approximate − it is not possible to rigorously separate the response function in this manner − however it does give clear physical insight. The physical behavior underlying is a correlation function describing the fluctuations of the transition energies in the pump and probe spectral regions, , which we write as At short times we expect while at longer times the influence of homogeneous broadening will be small;
. The dynamical behavior of , then is ultimately related to the evaluation of which itself can be related to a time dependent conditional probability with = . A number of authors have calculated forms for this conditional probability for systems undergoing solvation dynamics. [44] [45] [46] [47] The form derived by Skinner and coworkers 47 clearly relates to S(t) as defined in Eq. (4).
×
(14) Figure 9 shows a plot of obtained in this manner as compared with the response calculated from the full response function in which the homogeneous and inhomogeneous contributions are included (in a complicated way). The simple model clearly does poorly at short times where the homogeneous broadening is critical in signal formation, but does a good job in capturing the maximum in and its subsequent decay, which is reproduced almost exactly. The only dynamical behavior included in the calculation of Figure 9 is the solvation dynamics i.e. the fluctuations and systematic red shift arising from the differential solvation energies of ground and excited states.
The rise in the difference peak shift in this picture should be connected with the inertial (memory conserving) component of the solvation dynamics. Simulations (Fig. 10) show this is so and further show a clear correlation in the rise of the downhill difference peak shift with the Gaussian time constant in model S(t) functions. The subsequent decay of then corresponds to the diffusive component of the solvent response in which transition frequencies become scrambled in the ensemble.
In the companion paper in this volume on two-color transient grating spectroscopy, Cho and coworkers 48 show that the initial portion of these signals also depends critically on the ultrafast initial component of the solvation correlation function.
Fifth Order Three-Pulse Scattering (FOTS). The fifth order three-pulse scattering experiment was proposed by Cho and Fleming in 1994 22 as a way to separate homogeneous and inhomogeneous broadening in systems where the inhomogeneous width is comparable to the inverse of the timescale of the nuclear dynamics. In such systems, signals from conventional photon echo experiments contain both homogeneous and inhomogeneous contributions. The experiment was first carried out by Joo et al. (in this work the technique is referred to as F3PE). 49 Figure 11 shows a Feynman diagram pulse sequence and optical layout for FOTS. In an FOTS experiment, the system is placed in a electronic coherence by the first pulse and evolves for a time period τ 1. The second pulse involves two interactions which leave the system in an electronic coherence which is the complex conjugate of the first. During τ 2, the system rephases. The third pulse also interacts twice leaving the system in a coherence which is the same as that following the first pulse. Thus the electronic polarization will fully rephase when provided the phase memory is not lost. In FOTS, both and are controllable, allowing control over the rephasing process that is not possible in conventional echo measurements. In the work of Joo et al. 49 only slices at particular fixed values of , along were recorded along with the diagonal slice along = . In this paper we present the first full two-dimensional surfaces for the FOTS signal as a function of and . Figure 12 shows the two-dimensional FOTS surface for a dilute solution of the dye molecule IR144 in methanol. The upper panel shows the experimental data and the lower a calculated surface based on a solvation model for IR144. 9 Several aspects of the data are immediately apparent: Because the experiment contains no population period and three coherence periods, the signal is expected to decay very quickly. Indeed the signal is very small by 60fs in both and dimensions. Second, over the whole duration for which the surface could be recorded, the intensity is maximum along the diagonal = line. No sign of a turnover toward a constant value of for increasing is seen, clearly showing that the system is exhibiting echo behavior for times significantly beyond the 60fs that is observed. Thus the Gaussian (time reversible) nature of the initial component of the solvation correlation function, S(t) is confirmed. In the most commonly used third-order echo experiment − the three-pulse photon echo peak shift method (3PEPS) − the initial decay of the signal does not correspond to S(t) directly 10 and it has been difficult to confirm that the initial decay is indeed Gaussian as expected.
The question arises as to whether there is more information present in principle beyond better characterization of the two-time correlation function S(t) or M(t) in the FOTS experiment than in a third order experiment such as 3PEPS. In general, the higher the order of the experiment, the higher the order of the correlation function that can be measured. Thus 3PEPS can be described with only two-time correlation functions while FOTS, in principle can provide threetime correlation function information and hence more detailed knowledge of the underlying system dynamics. However, in some cases the higher order experiment will not provide more information than the third order experiment because the system dynamics is completely characterized by a two-time correlation function. For example, if the model of coupling of a two electronic-level system to a harmonic bath is a good model for the system dynamics, then all experiments of no matter what order can be described by a twotime correlation function. For simple two-level systems coupled to a harmonic bath, the FOTS experiment may lead to a better characterization of the two-time correlation function, but is unlikely to lead to qualitatively new information.
New types of information, not available at third order, can be revealed by fifth-order experiments on systems exhibiting anharmonicity of some kind. For example, excitonically coupled systems give rise to electronic states that do not look like harmonic energy levels. Thus dynamical phenomena associated with intermolecular coupling should be better understood by comparing the results of third and fifth order experiments for example, the electron-phonon coupling may vary from one exciton level to another, because of the varying degrees of charge transfer etc. Knowing how to extract this information is quite another story! A second example of an anharmonic electronic signal which exists in the absence of intermolecular coupling is the electronic Figure 12 . Fifth Order Three Pulse Scattering of IR 144 in methanol as a function the two coherence periods. Excellent agreement is seen between experiment and simulation.
structure of a molecular complex (in the exciton picture) with correlated disorder. Thus, the nature of disorder in such systems may be significantly clarified by higher order spectroscopy. Such measurements, let alone their analysis, are in their infancy. Figure 13 shows the FOTS signal for the LH2 B800-B850 complex of Rps acidophila 50 excited at 800 nm with 17fs pulses. The bandwidth of the pulses is sufficient to excite both the 18 excitonically coupled B820 molecules and the 9 more weakly coupled B800 molecules. The overall structure of the surface differs significantly from the dilute dye solution case. The strong peak centered at = = 0 is not tilted along the diagonal and the diagonal signal is much weaker and does not appear until and are > 20fs. The strong feature around = = 0 may be the result of scattering because the signal from the nuclear dynamics is much weaker than the IR144/MeOH system. The diagonal structure however, clearly originates from electron/nuclear dynamics and appears to persist until at least 60fs. Despite the relatively poor signal to noise ratio, the surface appears to tilt towards the axis for >50fs. It seems likely that the tilt towards arises from ultrafast dephasing from the exciton relaxation among the B820 molecules, however no detailed analysis of the surface in Figure 13 has yet been performed. With the recent advances in our understanding of the electronic structure, quantum dynamics and nature of disorder in such systems 51, 15, 52 ,53 such a calculation should be possible in the near future.
Concluding Comments
Two-dimensional electronic spectroscopy is an emerging new form of optical spectroscopy. It can be implemented in a substantial number of ways ranging from the elegant approach of Jonas and coworkers, 54 through the two-color experiments described here and in ref 26 , the fifth order experiment described above, and the variety of two-dimensional correlation spectroscopies described by Mukamel. 42 As the implementation of heterodyne detection [55] [56] [57] [58] [59] becomes increasingly common, the various forms of two-dimensional spectroscopy will exhibit their full information content and be applied to the unraveling of dynamical properties of a wide range of complex systems whose dynamical behavior cannot be described by a two-level system coupled to a harmonic bath.
τ 2 τ 2 Figure 13 . Fifth Order Three Pulse Scattering of LH2 B800-B850 complex of Rps acidophila obtained with 17 fs excitation pulses capable of exciting both the B800 and B850 bands.
